Abstract: Left-right direction of paw usage in the mouse depends on the genotype and the directional nature of the test. There are two phenotypic classes; in some strains, direction of paw usage is learned or conditioned by the direction of the initial test chamber and the experience of reaching and, in other strains, paw usage is a constitutive behaviour not affected by previous experience. We report the evidence for locus heterogeneity in the cause of constitutive versus experience-conditioned paw usage from a phenotypic analysis of F 1 hybrid generations from the experienceconditioned C57BL/6J, C3H/HeHa, and SWV strains and the constitutive CDS/Lay and DBA/2J strains. The F 1 hybrids between strains of different phenotypic classes provide evidence of locus heterogeneity. Constitutive paw usage in CDS/Lay is phenotypically dominant to experience-conditioned behaviour in both C57BL/6J and SWV. However, constitutive paw usage in DBA/2J is phenotypically recessive to experience-conditioned behaviour in C57BL/6J and dominant to experience-conditioned behaviour in SWV. Among the experience-conditioned strains, C57BL/6J is highly lateralized but SWV is only weakly lateralized. Our data suggest a model in which C57BL/6J may have a "strong" allele that identifies a functional difference between the constitutive paw usage of CDS/Lay and DBA/2J. DBA/2J may have a loss-of-function mutation at the same locus that is recessive to the strong C57BL/6J allele. SWV may have a "weak" allele and the (SWV × D2)F 1 compound heterozygote may be below a threshold for detectability of experience-conditioned behaviour, making the constitutive behaviour of DBA/2J appear to be dominant to the experienceconditioned behaviour of SWV. CDS/Lay may have a dominant allele at a second locus that suppresses experienceconditioned behaviour in all F 1 hybrids.
Introduction
Mice will reach with their right and left forepaws to retrieve food from a food tube and, on retesting individual mice in the same test chamber, they will reliably express the same number of right-and left-paw reaches. Within a genetically defined inbred strain, the direction of paw usage is a complex pattern of individual mice with different combinations of right-and left-paw usage. Although these complex patterns are phenotypically characteristic and dramatically different among strains, it has been a challenge to attach genes to functions that cause the heritable strain differences in the patterns of right-and left-paw usage (reviewed in Biddle and Eales 1996) . Selective and controlled breeding studies are possible with the mouse (Collins 1985) , but phenotype-driven methods of gene discovery have not yet revealed a cause of the differences in behaviour. Alternatively, genotype-driven methods of gene discovery might attach genes to function and phenotype by either random or directed mutation analysis, but they are impractical without a model for the cause of asymmetry of paw usage.
Paw usage was previously assessed only with an unbiased (or U-world) test chamber in which the mouse reaches for food from a centrally placed food tube (Collins 1968 (Collins , 1969 (Collins , 1985 . The convention is to define the direction of paw usage in an individual mouse by the number of right-paw entries (or RPE score) in the total number of right-and leftpaw reaches; therefore, in a standard test with 50 paw reaches, a RPE score of 0-24 indicates more left-paw usage and a RPE score of 26-50 indicates more right-paw usage. Although different strains express characteristically different patterns or distributions of RPE scores with a U-world test, all strains appear to have equal numbers of more rightpawed and more left-pawed mice with this test. Therefore, different mouse strains appear to express only a quantitative difference in the degree of lateralization of the preferred paw, without regard to its right or left direction (reviewed in Biddle and Eales 1996) .
The norm of reaction to asymmetrical test chambers identified a qualitative difference in paw-usage behaviour and this caused a paradigm shift in the assessment of lateral asymmetry of paw usage (Biddle and Eales 1999) . In asymmetrical test chambers, the food tube is placed flush to the left or right side of the chamber and is defined, respectively, as a L-world or R-world (Collins 1975) . The reaction of previously untested or naive mice to a biased world and to a retest in the opposite direction demonstrated that direction of paw usage depends on both the context of the test and the genotype. In some strains, direction of paw usage is determined by the direction of the test chamber and is conditioned by the experience of reaching but, in other strains, direction of paw usage is a constitutive behaviour. This qualitative difference between an experience-conditioned and a constitutive paw usage is found among strains that differ widely in their degree of lateralization of preferred-paw usage (Biddle and Eales 2001) .
The finding of an experience-conditioned behaviour in C57BL/6J (Biddle and Eales 1999 ) and a constitutive behaviour in DBA/2J (Biddle and Eales 2001) suggested that genetic insight into the difference in paw-usage behaviours might be gained with the extensive set of BXD recombinant inbred (RI) strains that has been developed from the C57BL/6J and DBA/2J progenitor strain pair (Taylor 1978; Taylor et al. 1999) . Each BXD RI strain would provide a population of genetically homogeneous individuals, so that replicate assessment of paw usage could define the type of behaviour in each BXD RI strain. Segregation of the alternate experience-conditioned and constitutive behaviours among the BXD RI strains would support the hypothesis that the alternate behaviours are caused by segregation and homozygosity of alternate and allelic forms of genes that are identical by descent from the C57BL/6J and DBA/2J progenitor strains. Association between the alternate behaviours and alternate genetic markers from C57BL/6J and DBA/2J, which have already been established among the BXD RI strains, might identify candidate-gene regions that influence the alternate behaviours.
The experience-conditioned paw usage of the C57BL/6J strain was known to be recessive to the constitutive paw usage of the CDS/Lay strain (Biddle and Eales 1999) . Before initiating the analysis of the BXD RI strains, the dominance relation was assessed in the F 1 hybrid generation between the C57BL/6J and DBA/2J progenitor strains. Surprisingly, the direction of dominance was reversed for the alternate behaviours of C57BL/6J and DBA/2J; the experience-conditioned paw usage of C57BL/6J is dominant to the constitutive paw usage of DBA/2J. A dominant and recessive phenotypic behaviour of two different constitutive strains suggested the potential for genetic heterogeneity in the cause of constitutive paw usage. Therefore, other F 1 hybrids were produced between specific experienceconditioned and constitutive strains and they were phenotypically analyzed for their paw-usage behaviour. The results are presented here and they suggest a two-locus genetic model that could account for the process of experienceconditioned versus constitutive direction of paw usage. The model might provide a logical framework for the analysis of genetic complexity and identification of genes that influence lateral asymmetry of paw usage.
Materials and methods
The C57BL/6JBid, C3H/HeHaBid, and SWV/Bid strains have an experience-conditioned paw usage and the CDS/LayBid and DBA/2JBid strains have a constitutive paw usage Eales 1999, 2001 ). The strains are abbreviated C57BL/6, C3H/HeHa, SWV, CDS, and DBA/2, respectively; when the strains are used in F 1 hybrids, C57BL/6, C3H/HeHa, and DBA/2 are further abbreviated to B6, C3H, and D2, respectively. The following F 1 hybrids were produced and assessed for asymmetry of paw usage: (B6 × C3H)F 1 , (B6 × SWV)F 1 , (B6 × D2)F 1 , (CDS × D2)F 1 , (SWV × D2)F 1 , and (SWV × CDS)F 1 . The (B6 × CDS)F 1 was determined previously to have constitutive paw usage (Biddle and Eales 1999) .
The methods to assess paw usage were described previously (Biddle and Eales 1999) . After a fast of 24 h, naive mice were tested in left-or right-biased test chambers with the food tube placed flush to the left or right side of the chamber and defined as a L-or R-world, respectively (Collins 1975) . Flaked or crumbled food was placed in the food tube and the number of right-and leftpaw entries to retrieve food was counted in a total of 50 paw reaches. The primary measure of paw usage is the number of reaches with the right paw in a total of 50 reaches (right paw entry or RPE score).
Constitutive and experience-conditioned paw usage behaviours were identified in the F 1 hybrid animals by testing naive mice in a L-or R-world and, 1 week later, retesting the individual mice in the respective opposite world (Biddle and Eales 1999) . Direction of paw usage by naive mice moves in response to the biased direction of the test chamber. When they are retested 1 week later in the oppositely biased test chamber, direction of paw usage in mice with constitutive behaviour returns to the expected RPE score for the specific genotype in the test chamber, but direction of paw usage in mice with experience-conditioned behaviour does not return to the expected RPE score for the specific genotype in the test chamber.
The qualitative difference between constitutive and experienceconditioned behaviours was first identified by critical contrasts of the RPE scores from the independent samples within a strain or hybrid generation (Biddle and Eales 1999 ). An alternate and simpler method was used in the present study to assess the qualitative difference in behaviour (see Biddle and Eales 2001) . The numerical difference between the two RPE scores and the numerical average of the two RPE scores for individual mice were determined for the respective L-world to R-world and R-world to L-world test-retest sequences.
The numerical difference between the RPE scores from a biased test and the oppositely biased retest of an individual mouse is a measure of the magnitude of response to the asymmetrical test chambers; the sign of the difference (-or +) depends on the direction of the first test. For example, if the RPE score is 10 for a naive mouse that was tested in a L-world and if the RPE score is 20 from its retest in a R-world, the numerical difference in RPE scores between the biased test and oppositely biased retest is -10. A mean of the numerical differences between the two RPE scores that is significantly different from zero (0) indicates that the direction of paw usage by the specific genotype responds to the asymmetrical test chamber.
The numerical average of the two RPE scores from a biased test and the oppositely biased retest of an individual mouse is a measure of the average direction of paw usage. For example, if the RPE score is 10 for a naive mouse that was tested in a L-world and if the RPE score is 20 from its retest in a R-world, the numerical average of the two RPE scores is 15 and, in this L-world to Rworld test-retest sequence, the mouse would have a numerical average RPE score of 15, which is to the "left" of 25 on the 0-50 RPE scale. Strains with constitutive paw usage do not show a significant difference in the means of their average RPE scores from the median value of 25 on the 0-50 RPE scale in either a L-world to R-world or R-world to L-world test-retest sequence. Strains with experience-conditioned paw usage express a significant difference between the means of their average RPE scores from the two test-retest sequences and the "left" or "right" direction of the mean of the average RPE scores depends on the direction of the first test of naive mice (Biddle and Eales 2001) .
The preferred paw entry (PPE) score provides a measure of the degree of lateralization of preferred-paw usage, without regard to its left or right direction. The PPE score is the larger of the number of right-or left-paw reaches in the total of 50 paw reaches and it has numerical values from 25 to 50. The PPE scores were summarized for the F 1 hybrids that were assessed in biased test worlds, so that comparisons could be made with the degree of lateralization of preferred-paw usage that was reported previously for the parental strains.
The biometrical tests are described when they are used in Results and they are taken from Siegel (1956) and Sokal and Rohlf (1969) . The level of signficance for all tests was α = 0.01.
Results and discussion

Asymmetrical tests of paw usage in F 1 hybrids
The mean RPE scores for the F 1 hybrids are summarized in Table 1 for the asymmetrical tests of naive mice and their retests in the respective opposite directions. Reciprocal F 1 hybrids were produced from the crosses between C57BL/6 and DBA/2 and between C57BL/6 and C3H/HeHa but, as found previously with the reciprocal F 1 hybrids from the C57BL/6 and CDS strain pair (Biddle and Eales 1999) , there are no significant differences in paw-usage measurements between sexes or between reciprocal crosses. Therefore, in Table 1 , the results from the two sexes and the reciprocal crosses are pooled. The remaining F 1 hybrids were produced from crosses between strains in only one direction, and there are no differences in paw-usage measurements between the sexes (data not shown). Figure 1 compares the RPE scores from the asymmetrical tests of naive F 1 hybrids and their retests in the opposite direction. The L-world test of naive mice and their R-world retest is shown in the panels on the left, and the opposite test-retest sequence from the independent samples is shown in the panels on the right. The association between the RPE scores from each test and retest was measured by Spearman's coefficient of rank correlation (r s ) (Siegel 1956) and, for all hybrids, it is significantly different from the null hypothesis of no association (P < 0.001).
The associations between the RPE scores from asymmetrical tests and opposite retests of the (B6 × CDS)F 1 hybrid and the parental strains of the F 1 hybrids in the present study were reported previously Eales 1999, 2001 ). All associations between the two RPE scores were significantly different from the null hypothesis of no association.
It was previously remarked that significant correlations might be expected between the RPE scores from the initial biased world test and the oppositely biased world retest (Biddle and Eales 2001) . If there was no significant association between the intial biased world test and the oppositely biased world retest, the inference would be that the RPE score of an individual mouse was an independent response each time the mouse was tested. Nevertheless, despite the significant associations that are observed, there are two derivative parameters that are most informative. These are the numerical differences and the numerical averages of the two RPE scores from each test-retest sequence.
The means of the numerical difference between RPE scores from individual mice from the two test-retest sequences are summarized in Table 2 . The mean differences are significantly different from a mean of zero (0) and the sign of the difference (-or +) depends on the direction of the initial test of naive mice. This result demonstrates that all F 1 hybrids responded to an asymmetrical test. The means of the numerical differences between RPE scores from the two test-retest sequences of the F 1 hybrid between C57BL/6 and CDS are included for comparison, because this summary statistic was not calculated previously (original data in Biddle and Eales 1999) .
The means of the numerical average of the two RPE scores from individual mice from the two test-retest sequences are also summarized in Table 2 . The F 1 hybrid from the cross between C57BL/6 and CDS is included for comparison, because this summary statistic was not calculated previously (original data in Biddle and Eales 1999). As demonstrated previously (Biddle and Eales 2001) , the significant difference between the two means of the average RPE scores from the test-retest sequences (assessed by t tests) identifies the F 1 hybrids that are conditioned by the experience of reaching in the initial biased world test (Table 2 ) and distinguishes them from the F 1 hybrids that do have a significant difference between their two mean average RPE scores and, therefore, have constitutive paw usage behaviour. Table 3 summarizes the qualitative difference in pawusage behaviour among the F 1 hybrid generations relative to the phenotype of their respective parental strains. C57BL/6 has recessive experience-conditioned paw usage relative to the dominant constitutive paw usage of CDS (Biddle and Eales 1999) . The F 1 hybrids from the experienceconditioned C57BL/6 strain and both the experienceconditioned C3H/HeHa and SWV strains also have experience-conditioned paw usage. Therefore, there is no evidence for phenotypic complementation in the experienceconditioned paw usage behaviour of the respective parental strains. Any difference between the C57BL/6, C3H/HeHa, and SWV parental strains may be due to additive and quantitative differences in the degree of lateralization or the amount of direction of paw usage that is learned in response to reaching. Similarly, the F 1 hybrid from the constitutive CDS and DBA/2 strains also has a constitutive paw-usage behaviour; however, a constitutive behaviour might be expected for the (CDS × D2)F 1 , since CDS has a dominant constitutive paw usage (Biddle and Eales 1999) and the (CDS × D2)F 1 hybrid cannot be considered to provide a test of complementation between the behaviour of the two parental strains.
The constitutive paw usage behaviour of CDS was known to be dominant when it was assessed in the F 1 hybrid with experience-conditioned C57BL/6 (Biddle and Eales 1999) . In the present study, the constitutive behaviour of both CDS and DBA/2 is dominant to the experience-conditioned behaviour of SWV (Table 3) . Nevertheless, the constitutive paw usage of DBA/2 is recessive to that of C57BL/6 (Table 3). These results raise a question concerning the dominance relation between the alternate paw-usage behaviours: How can the constitutive phenotype of both CDS and DBA/2 be dominant to the experience-conditioned phenotype of SWV, when only the constitutive phenotype of CDS is dominant to experience-conditioned C57BL/6? The difference in the direction of dominance between the respective F 1 hybrids from the constitutive CDS and DBA/2 strains and the experience-conditioned C57BL/6 strain may be due to locus heterogeneity in the cause of the constitutive behaviours of CDS and DBA/2. This is explored further with a suggested functional model for asymmetry of paw-usage behaviour.
The degree of lateralization of preferred-paw usage that is expressed by the F 1 hybrids in response to the asymmetrical tests is summarized by the mean PPE scores in Table 4 . These results are presented here, so that the F 1 hybrids can be compared with the respective parental strains, for which Mean RPE score ± 95% confidence limits results have been published Eales 1999, 2001 ), but no further analysis of the mean PPE scores is made in this report. As found previously, the mean PPE scores exhibit little or no change in response to the direction of the test.
Functional model for experience-conditioned and constitutive direction of paw usage
The underlying developmental biology that leads to a constitutive or experience-conditioned direction of paw usage is unknown. Initially, a dominant and recessive relation was found between the constitutive and experience-conditioned paw usage of the respective CDS and C57BL/6 strains and this suggested a genetic model of function versus a loss of function in the process that underlies the alternate behaviours (Biddle and Eales 1999). Subsequently, the alternate behaviours were found to be polymorphic among common The association between the RPE scores from each test-retest sequence was assessed by Spearman's coefficient of rank correlation (r s ), and it is signficantly different from the null hypothesis of no association for all hybrids (the r s and probability values are shown in each panel).
inbred strains and, therefore, the normal or wild-type behaviour cannot be specified (Biddle and Eales 2001) . Discovery of ambidirectional dominance of the constitutive behaviours of the CDS and DBA/2 strains (Table 3) , relative to the experience-conditioned C57BL/6 strain, suggests that there may be genetic heterogeneity in the cause of constitutive paw usage.
To develop a functional genetic model, we consider experience-conditioned direction of paw usage to be the result of an active process. The recessive experience-conditioned phenotype of C57BL/6 relative to CDS may be the result of a loss of the function that causes the constitutive paw usage of CDS, whereas the recessive constitutive phenotype of DBA/2 may be the result of the loss of a different function-one that causes the experience-conditioned paw usage of C57BL/6. Therefore, what is observed as a constitutive direction of paw usage in both the CDS and DBA/2 strains may be caused by different genetically determined mechanisms, and a more interesting genetic model may determine asymmetry of paw usage with different gain-of-function and loss-of-function components. CDS may have a dominant gain of function that suppresses the ability of paw usage to be experience conditioned; DBA/2 may have a recessive loss-of-function mutation in the process that leads to the experience-conditioned behaviour.
The framework for this model of asymmetry of paw usage is made more plausible by analogy to the functional genomics of other dominant and recessive phenotypic characteristics in the mouse. A classic example is the dominant and recessive transmission genetics of yellow (phaeomelanin) pigmentation versus black (eumelanin) pigmentation (see reviews in Jackson 1994; Barsh 1996) . Dominant yellow is caused by the constitutive expression of the Agouti protein that suppresses a functional melanocortin-1 receptor and, hence, the default phaeomelanin synthetic pathway is expressed; recessive yellow is caused by a lossof-function mutation in the melanocortin-1 receptor and the phaeomelanin synthetic pathway is expressed constitutively.
The proposed genetic model for asymmetry of paw usage is discussed with reference to the phenotypically different and complex distributions of RPE scores that were obtained from a U-world test of the experience-conditioned C57BL/6 and SWV strains and the constitutive CDS and DBA/2 strains (Fig. 2) . Dominant and recessive constitutive paw Mean PPE score ± 95% confidence limits Note: Mean values and summary statistics for the (B6 × CDS) F 1 hybrid were calculated from original data in Biddle and Eales (1999) . *Mean average RPE scores in bold are significantly different by t tests (P < 0.001) and identify the experience-conditioned phenotype. Table 2 . Numerical difference and numerical average of the right-paw entry (RPE) scores of F 1 hybrids that were tested as naive mice in a L-or R-world and retested one week later in the respective oppositely biased test world.
usage behaviours of the respective CDS and D2 strains, relative to the experience-conditioned behaviour of C57BL/6, suggest that the process leading to experience-conditioned paw usage behaviour might have properties similar to a type of ligand-receptor interaction. The suggested effects of genetic differences in the components of the model (summary diagram in Fig. 3 ) are consistent with both the empiric distributions of U-world RPE scores that are observed with the 50-reach test protocol (Fig. 2) and the responses to biased test worlds that have been described for the parental strains Eales 1999, 2001 ) and their F 1 hybrids (in the present report). C57BL/6 may have an equal-paw usage, but the experience of reaching in a U-world test, by chance with the left or right paw, conditions the respective left or right direction of paw usage in individual mice (Biddle and Eales 1999) . When a naive C57BL/6 mouse begins to reach in a U-world by chance with its left or right paw, it has a high probability of continuing to use that paw on subsequent reaches; therefore, a random sample of naive C57BL/6J mice appears to have approximately equal numbers of more left-pawed and more right-pawed individuals that are highly lateralized left or right in a U-world test (Fig. 2 ). C57BL/6 may differ from other experience-conditioned genotypes in the amount or activity of a putative receptor that underlies the experience-conditioned process. As a result, naive C57BL/6 and SWV mice may be lateralized left or right in a U-world test, by chance with a left-or right-paw reach, but the maximum induced left-or right-direction is greater in C57BL/6 than in SWV (Fig. 3) . Therefore, with a U-world test, C57BL/6 appears to be more highly lateralized than SWV (Fig. 2) .
The experience-conditioned (B6 × SWV)F 1 generation from the cross between C57BL/6 and SWV (Tables 2 and 3) demonstrates that there is no phenotypic complementation between the experience-conditioned behaviours of the parental strains. The quantitative difference in degree of lateralization of the preferred paw, measured by the PPE score, between the highly lateralized C57BL/6 and the weakly lateralized SWV is expected to be additive, and this was found previously with a U-world test of the (B6 × SWV)F 1 hybrid (Biddle et al. 1993) .
C3H/HeHa is experience-conditioned and phenotypically similar to C57BL/6 in degree of lateralization of its preferred-paw usage (Biddle and Eales 2001) . The (B6 × C3H)F 1 hybrid generation is also experience-conditioned (Tables 2 and 3 ) and provides no evidence for phenotypic complementation between the experience-conditioned behaviours of the parental strains.
A dominant suppressor and recessive loss-of-function of experience-conditioned direction of paw usage
CDS may have an equal-paw usage like C57BL/6 and SWV that is due to a functional receptor (Fig. 3) . Since CDS also has a dominant constitutive paw usage, CDS is also hypothesized to have a dominant suppressor of experienceconditioned paw usage (Fig. 3) . With a functional receptor for the process of experience-conditioned paw usage and a dominant suppressor, CDS might be expected to show little or no change from equal-paw usage. Therefore, the RPE scores of individual CDS mice would be expected to be normally distributed about a median value of 25 on the 0-50 RPE scale (Fig. 2) . With a U-world test, the RPE scores show a good fit to a normal distribution (P = 0.09) (Biddle and Eales 1999) . Also, the direction of paw usage by CDS shows little response to biased test worlds and is not conditiond by them (Biddle and Eales 1999) . Therefore, paw usage in CDS can be described as equal and constitutive.
The F 1 hybrids between the equal-pawed and constitutive CDS strain and the experience-conditioned strains, such as C57BL/6 or SWV, that have a functional receptor, will have a functional receptor but will also be heterozygous for the putative dominant suppressor from CDS. Paw usage of these F 1 hybrids is expected to be constitutive, owing to the dominant suppressor from CDS, and constitutive paw usage is found for both the (B6 × CDS)F 1 (Biddle and Eales 1999) and the (SWV × CDS)F 1 (Tables 2 and 3) hybrids. DBA/2 may have a recessive loss-of-function mutation in the putative receptor (Fig. 3) for the experience-conditioned process and, as a result of this loss of function, DBA/2 might be predicted to express a random and constitutive paw usage. Paw usage in DBA/2 is purposely described as random rather than as equal. Although DBA/2 has a mean RPE score of 25.2 ± 2.3 (95% confidence limits) from a U-world test (Biddle and Eales 1996) , the distribution of RPE scores from individual DBA/2 mice is obviously not normally distributed (Fig. 2) . Direction of paw usage by individual DBA/2 mice appears to be distributed with the same probability for any RPE score across the 0-50 RPE scale. The flat or "platykurtic" distribution of RPE scores of DBA/2 (Fig. 2) does not differ from a distribution with an equal number of mice in each RPE class (P = 0.87 in a Kolmogorov-Smirnov one-sample test; Siegel 1956 ). Direction of paw usage by DBA/2 shows little response to biased test worlds, and is not conditioned by the experience of reaching (Biddle and Eales 2001) . Without a functional putative receptor, direction of paw usage cannot be conditioned in DBA/2 and, if it is caused by a null or loss-of-function mutation in the process of experience-conditioned behaviour, the constitutive behaviour of DBA/2 is predicted to be genetically recessive to an experience-conditioned behaviour.
The F 1 hybrids between the random and constitutive DBA/2 strain and the experience-conditioned strains that have a functional receptor, such as C57BL/6 and SWV, are predicted to be heterozygous for a functional receptor. Therefore, both the (B6 × D2)F 1 and (SWV × D2)F 1 hybrids are expected to be able to express experience-conditioned paw usage; however, only the (B6 × D2)F 1 hybrid is observed to be experience conditioned (Tables 2 and 3) . A conservative interpretation of these results can be made by reference to the degree of lateralization of C57BL/6 and SWV (Figs. 2 and 3) . The recessive "loss of function" in the putative receptor in the DBA/2 strain is phenotypically identified when it is heterozygous in the F 1 hybrid with the strongly experience-conditioned behaviour of C57BL/6, and the (B6 × D2)F 1 hybrid expresses an experience-conditioned phenotype. The recessive "loss of function" in DBA/2 may not be phenotypically identifiable when it is heterozygous with the weakly experience-conditioned behaviour of SWV, because in the (SWV × D2)F 1 hybrid, the compound heterozygote for the weak allele of SWV and the "null" allele of DBA/2 may be below a threshold for detection of experience-conditioned behaviour by the test paradigm Eales 1999, 2001) .
Comparison of the constitutive behaviours of the DBA/2 and CDS strains with only the experience-conditioned SWV strain would have suggested that both strains have a dominant constitutive behaviour. Comparison of the DBA/2 and CDS strains with the phenotypically different C57BL/6 experience-conditioned strain (Fig. 2) identified a potential functional difference in the cause of their constitutive behaviour.
The (CDS × D2)F 1 hybrid between the equal and constitutive CDS strain and the random and constitutive DBA/2 strain is predicted to be heterozygous for a functional receptor from CDS and also to be heterozygous for the putative dominant suppressor from CDS. Therefore, from the genetic model (Fig. 3) , the (CDS × D2)F 1 hybrid is expected to express constitutive paw usage behaviour (Tables 2 and 3) . Genome Vol. 44, 2001 Fig. 3. Functional genetic model to interpret the cause of leftright asymmetry of paw usage. C57BL/6 and SWV may have a receptor-like process that allows their direction of paw usage to be conditioned by the experience of reaching; they may differ quantitatively and additively in the function of the putative receptor so that, in a U-world test, C57BL/6 is highly lateralized left or right and SWV is only weakly lateralized left or right. CDS may have a dominant suppressor of the putative receptor and it expresses equal and constitutive paw usage behaviour. DBA/2 may have a recessive loss-of-function mutation in the putative receptor and it expresses random and constitutive paw usage behaviour.
Further test of the functional model
Other experience-conditioned strains have been identified (Biddle and Eales 2001) and they might provide a test of the hypothesis of a "loss of function" in the putative receptor in DBA/2. If there is a "strong" allele for the putative receptor for the experience-conditioned behaviour, perhaps one that is half way between the strong allele found in C57BL/6 and the weak allele found in SWV, the compound heterozygote for the "stronger" allele and the "loss of function" of DBA/2 may be above the suggested threshold for detectability of experience-conditioned behaviour by the test paradigm. The model also predicts that the constitutive behaviour of CDS will be phenotypically dominant to all experience-conditioned strains.
The model for the cause of asymmetry of paw usage (Fig. 3) provides an interpretation that is consistent with the heritable differences in the complex distributions of rightand left-paw usage among specific strains and the expression of these differences in selected F 1 hybrids. As a starting framework, it defines the phenotypic change that can be anticipated for alternate and allelic forms of gene loci and these loci should also be anticipated to have allelic differences among different strains.
Summary and conclusion
The present study underscores the importance of documenting the behaviour of different F 1 generations before drawing a global genetic inference from simple alternate behaviours in either a survey of inbred parental strains or a single strain pair comparison. Even though there are differences among strains in the complex patterns of left-and right-paw usage (Fig. 2) , the common strains of the mouse have either a constitutive or an experience-conditioned paw usage Eales 1999, 2001 ). CDS has a dominant constitutive paw usage, but the constitutive paw usage of DBA/2 shows ambidirectional dominance relative to the strongly experience-conditioned C57BL/6 and the weakly experienceconditioned SWV. Therefore, there may be locus heterogeneity between CDS and DBA/2 in the functional cause of their constitutive paw usage.
A biologically plausible genetic model appears to be consistent with the experience-conditioned and constitutive paw usage behaviours of several different strains and their F 1 hybrids. Experience-conditioned paw usage may have functional properties similar to a type of ligand-receptor interaction. A dominant suppressor of the process may cause equal and constitutive paw usage, and a recessive loss-offunction mutation in the putative receptor may cause random and constitutive paw usage. The model can be validated by identifying its genetic components and attaching genes to function and phenotype. It should be possible to provide the first step toward this goal with marker genes, using conventional methods of mapping phenotypic trait loci (Taylor 2000) with appropriate strain crosses and their derivative strains, such as RI and recombinant congenic strains.
Contemporary functional genomics predicts that unsuspected pleiotropic effects on other biological processes should be anticipated for the alternate allelic forms of the genes that influence the process of asymmetry of paw usage. By analogy, the genetics of complexity of mouse pigmentation has uncovered a wide range of pleiotropy, from obesity and regulation of basal metabolic rate to modulation of the immune system (e.g., Jackson 1999) . The biology of the allelic forms of genes that influence paw usage may prove to be more interesting than the phenotypic variation in a constitutive or an experience-conditioned behaviour that brought the genes to initial attention.
